Abstract-The specifications that define a new automotive product development are established at an early stage in the product life cycle and define the direction of such a development, and changing these decisions becomes costlier the further the project evolves towards introduction into the market. Simulations and predictions underpin the crucial decisions made at the inception stage of the new product development life cycle, since these tools inform prototype development, production strategies, and improve profitability. The tool presented facilitates the decisions required when embarking on the new product development of a vehicle that incorporates electric-drive technologies and the vital choices made regarding the battery pack powering by such a vehicle. The tool functions can be split into two parts, firstly it incorporates a sizing model for determining the number of cells and the configuration required to meet a specified battery requirement. Secondly, a 1-D model is implemented to determine some of the basic thermal and power characteristics that can then be utilised to inform other parts of the design specification. Improvements are proposed that improve previous model accuracy from 8-9% to 6% for thermal predictions and down to 3% for electrical simulations. When integrated with a database containing cell characteristics, the tool can identify candidate cells that meet the proposed requirements. In addition, the tool's rapid execution time allows fact comparison between cell choices, at a level comprehensible by all project stakeholders in the decision making process.
I. INTRODUCTION
When undertaking the development of a new electric automotive product, a set of initial requirements is established in order to best meet the needs of the potential market space, covering aspects such as performance, cost of manufacture, cost of use, lifespan, price point and many other factors of its design [1] . This underpins further requirement specifications such as sizing, technologies to use and other more engineering aspects of the initial design [2] . During the new product development, the engineering design evolves to include factors specific to the electric vehicle (EV) architecture: -drive trains, charging systems, power distribution systems, electric motors and batteries [3] . Amongst these, the battery is at the heart of the eventual performance of an EV product, governing factors such as range, lifespan and dynamic performance. The battery also represents a significant proportion of the product's total value [4] , and its design can inform other aspects of system design such as thermal and electronic management systems.
In line with concerns over local air pollution [4] , and legislation to reduce carbon emissions, such as the EU 2020 targets [5] , electric vehicles have gained attention [6] as a solution to reduce the automotive industry's dependence on the internal combustion engine (ICE) [7] . Due to their long cycle life, slow self-discharge rates, high energy density, and lack of memory effect, Li-ion batteries are established as the predominant choice for new low carbon transport solutions [8] .
Lithium ion batteries require organic electrolytes due to the wide operating voltage of the cell [9] . The electrolytes are based on combinations of linear and cyclic alkyl carbonates, which allow the use of lithium as the anodic active component and gives lithium ion batteries their high power and energy densities characteristics. However, these organic electrolytes have high flammability and volatility that pose serious safety issues as they can react with the active electrode materials to release significant heat and gas, such as carbon dioxide, vaporized electrolyte consisting of ethylene and/or propylene, and combustion products of organic solvents [9] . In addition to safety concerns, the temperature sensitivity of the conductivity of the organic electrolyte makes lithium ion battery properties, such as internal resistance, more temperature dependent than other types of batteries [10] . Consequently, there has been considerable research into thermal modelling of lithium ion batteries [11, 12] .
In automotive vehicles, lithium ion cells are expected to deliver large C rates, e.g. 1-5C and 10-20C in EV and HEV applications respectively. These C-rates cause the bus bar and contactors in pack and module assembly to generate heat, which needs to be considered by the battery thermal management systems in order to maintain the cells within their temperature operating window for safety and efficiency. Despite these essential pack and module components heating effects, most battery models only consider cell self-heating [13, 14] . In high current applications, such as automotive vehicles, the additional heat generated from these components cannot be neglected.
In order to improve thermal predictions, a sizing tool which only considers cell self-heating [15] is improved by considering heating from other components such bus bars and contactors. The sizing tool is comprised of two sub models. The first is a sizing model, which determines configuration and the number of cells necessary in order to meet a specified battery requirement. The second is a 1-D model, which is implemented in order to determine some of the basic thermal and power characteristics that can then be utilised to inform other parts of the design specification. The latter model is improved in order to improve thermal predictions.
II. MODEL IMPROVEMENTS
A full description of the models is given [15] and is not repeated in this article, a brief description of the 1-D model thermal is outline in this section. The 1-D thermal model has three cooling options in order to help inform which cooling strategy will be suitable for the application. The first strategy is no cooling. The second is active tab cooling, as shown in As depicted in Figure 1 and Figure 2 , both active cooling strategies only have one heat source, i.e. the cell. This is also the case for the no cooling strategy. However, this will lead to underestimating the heat generation inside battery packs since there are other heat sources to consider, such as the bus bar, the battery management system (BMS), the contactors, and the wiring harness. These heat up due to Joule heating, i.e. the passage of an electric current through these conductive devices produces heat. The Joule-Lenz law states that the power loss through heat generation by an electrical conductor is proportional to the product of its resistance and the square of the current. Joule heating has a coefficient of performance of 1, i.e. every 1 watt of electrical power is converted to 1 Joule of heat. Therefore, the heat energy generated by Joule heating in watts, λ, is given by:
Where I is the current in amperes flowing through the electrical conductor, R is the resistance in Ω of the conductor, and t is the time in seconds of the current. The resistance of the devices depend of their geometry and material composition. Assuming a totally uniform current density throughout the conductor, the resistance in Ω, R, is computed using:
Where ρ is the electrical resistivity in Ωm of the material, A is the cross-sectional area in m The first drive cycle, the high-power urban, is selected to be used for the validation since high transients caused the biggest challenge for model predictions. This section of the Artemis drive cycle determines the vehicle speed. The estimated resulting current applied to each individual cells is shown in Figure 3 . During the drive cycle, data is collected from eight thermocouples on the module surface. Thermocouples 1-6 are arranged around the module sides and thermocouples 7-8 are placed on top of the module packaging. The recorded module temperature from the eight thermocouples is shown in Figure 4 .
The thermal results from the model, i.e. the battery back power, pack heat generated, and cell temperature rise are shown in Figure 5 . In the previous version of the model, the pack heat generated was simply estimated by calculating the product of the pack current squared with the internal resistance of the pack. The latter is estimated by taking the manufacturer stated internal resistance value on the datasheet an individual cell and calculating the resulting pack internal resistance using the pack configuration (i.e. the number of cells in series and in parallel). In the improved version of the model, the pack heat generated shown in Figure 5(b) includes the heat generated from other devices, such as the bus bars and the contactors using (1) and (2).
The pack heat generated is used to calculate the temperature rise shown in Figure 5 (c) based on the heat capacity of the pack, which is estimated by multiplying the number of cells by the manufacturer stated specific heat capacity value on the datasheet.
It can be seen from Figure 5 (c) that the temperature is constant after the Urban section of the Artemis drive cycle. This is an intuitive result since there is no cooling in this validation and no more heat is being generated as the current is zero.
The real temperature measurements collected ( The average error is 6.19%, which is an improvement when compared to using the previous version of the model (8-9% average error).
IV. CONCLUSION
A sizing tool previously published [15] , was found to consistently underestimate battery pack prototype temperatures. Consequently, the thermal aspect of the sizing tool was improved in order to account for the heat generated by other essential battery components such as the bus bars and contactors. The improvements proposed are validated against a BMW i8 module and improve on previous model accuracy from 8-9% to 6% for thermal predictions and down to 3% for electrical simulations without significantly increasing the runtime. This allows for improved comparison between cell choices and cooling strategies and enables project stakeholders to make informed decisions at the inception stage of the new product development life cycle for future EVs.
